The Greenland Ice Sheet Project 2 glaciochemical series (sodium, potassium, ammonium, calcium, magnesium, sulfate, nitrate, and chloride) provides a unique view of the chemistry of the atmosphere and the history of atmospheric circulation over both the high latitudes and mid-low latitudes of the northern hemisphere. Interpretation of this record reveals a diverse array of environmental signatures that include the documentation of anthropogenically derived pollutants, volcanic and biomass burning events, storminess over marine surfaces, continental aridity and biogenic source strength plus information related to the controls on both high-and low-frequency climate events of the last 110,000 years. Climate forcings investigated include changes in insolation of the order of the major orbital cycles that control the long-term behavior of atmospheric circulation patterns through changes in ice volume (sea level), events such as the Heinrich events (massi've discharges of icebergs first identified in the marine record) that are found to operate on a 6100-year cycle due largely to the lagged response of ice sheets to changes in insolation and consequent glacier dynamics, and rapid climate change events (massive reorganizations of atmospheric circulation) that are demonstrated to operate on 1450-year cycles. Changes in insolation and associated positive feedbacks related to ice sheets m•y assist in explaining favorable time periods and controls on the amplitude of massive rapid climate change events. Explanation for the exa•t timing and global synchroneity of these events is, however, more complicated. Preliminary evidence points to possible solar variability-climate associations for these events and perhaps others that are embedded in our ice-corederived atmospheric circulation records. Introduction Understanding the Earth system and, in particular, its climate, remains one of the major intellectual challenges faced by science. The processes influencing climate, the mechanisms through which they act, and the responses they generate are, in general, as complex and poorly understood as they are important. Because observational records of climate processes span only the Paper number 96JC03365. 0148-0227/97/96 JC-03365509.00 most recent years of Earth's history and, in many instances, are known to be markedly affected by anthropogenic influences, paleorecords of past climates are exceedingly important to the development of scientific understanding of local, regional, and global climate systems. Of the various paleorecords available to science, ice cores from polar ice sheets provide the most direct and highest-resolution view of the paleoatmosphere.
Records of change in atmospheric chemistry developed from ice cores are important for paleoclimatology because the atmosphere responds more quickly than other components of the Earth system and holds within it measures of both the cause(s) of and response(s) to climate change on all timescales. For example, in modern times the polar vortex, a major feature of atmospheric circulation, has been linked through changes in size and shape to variations in northern hemisphere tropospheric temperature and wind [Nastrom and Belmont, 1980; Venne and Dartt, 1990; Burnett, 1993] , North Atlantic storm tracks [Brown and John, 1979; Tinsley, 1988] , and solar sunspot cycles [Labitzke and van Loon, 1989] . At longer timescales, modeling studies reveal the influence continental ice sheets have had on tropospheric circulation during the last glaciation [Broccoli and Manabe, 1987a, b; Budd and Raynet, 1990; Leroux, 1993 and a check on the oxygen isotope chronology [Dibb, 1989] . On the basis of this analysis, chemical species peak concentrations have the following pattern: (1) in midwinter to spring, there are maximum peaks in total chloride (where total equals sea salt plus other sources), sea-salt chloride (derived by comparison with observed sea-salt associations), sodium, sea-salt potassium, calcium, magnesium, total sulfate, sea-salt sulfate, and excess sulfate (greater than the ratio in seawater); (2) in spring to summer, there are maximum peaks in excess chloride and nitrate; and (3) in summer, there is a maximum peak in ammonium. Since maxima for total and excess potassium occur with no apparent regularity during both midwinter and summer, a unique input timing could not be determined. This input timing is similar to that identified by Langway et al. [1975] for sodium, magnesium, and calcium in southern and central Greenland; by Busenberg and Langway [1979] for ammonium, sulfate, chloride, calcium, and sodium in southern Greenland; and by Mayewski et al. [1987] for excess sulfate, nitrate, chloride, and sodium in southern Greenland. Therefore it is assumed that the input timing for chemical species is probably uniform over the entire inland portion of the Greenland Ice Sheet.
The relationship between concentration and flux (concentration times accumulation rate) of chemical species versus snow accumulation rate was investigated at Summit and compared to several other sites throughout Greenland as well as to ice cores in the Yukon Territory and the Indian Himalayas to determine which is a more appropriate measure for investigating glaciochemical time series [Yang et al., 1995; 1996] . At all sites, only nitrate flux and snow accumulation rate had a significant linear relationship. Further, only nitrate concentration data are normally distributed. This suggests that nitrate is affected by postdepositional exchange with the atmosphere over a broad range of environmental conditions [Yang et al., 1995] . In addition, examination of concentration-accumulation rate relationships for the major ions demonstrates that previously studied samples of mixed age and geographic setting were related to geographic setting (as a consequence of air mass trajectories) rather than accumulation rate, further verifying the use of concentration versus flux in the interpretation of glaciochemical series [Yang et al., 1996] .
Detailed examination of the last 17,000 years of highresolution accumulation rate and chemical species concentration series demonstrates that, while major changes in accumulation rate do coincide with major changes in species concentration, the relationship is poorly correlated at sample resolution level. This suggests that accumulation rate and species concentration may be linked in the former case through climate change rather than through accumulation rate controls on concentra-
tion [Meeker et al., this issue].
Variations in atmospheric concentration of GISP2 major ions over the period of the last deglaciation have been reconstructed based on simple models that estimate the influence of the two primary types of species deposition (wet and dry). In summary, glaciochemical series derived from Summit appear to provide a reasonable proxy of the atmospheric concentration history over much of the Greenland Ice Sheet. As will be demonstrated in a later section ("Atmospheric Circulation Derived From Glaciochemical Series"), these glaciochemical series also provide a general history of atmospheric circulation for at least the high latitudes of the northern hemisphere. 
Unique Chemical Events

Glaciochemical and EOF Analysis Used to Interpret Atmospheric Circulation
The salt, demonstrating that nearly all of the sodium and chloride is of marine source. Second, pre-Holocene levels of sea salt increase despite an associated decrease in temperature which would have increased land and sea ice cover and thus transport distances from ice-free seas. Thus an increase in wind speed is required if seasalt concentration is to increase as transport distances increase. Sea-salt concentration, which varies dramatically throughout the record (Figure 1) , provides a proxy for relative wind speed. Examination of the pre-Holocene portion of the major ion series reveals significantly more common behavior between species than in the Holocene (Figure 1) . Thus, while the Holocene chemical record is more subdued in magnitude than the pre-Holocene, it appears to represent a more complex record of changes in source strength and atmospheric circulation. Periodicities <500 years will be considered elsewhere using higher-resolution resampled series. Periodicities >70,000 years, which are undetectable in this record, are represented by the output from a low-pass filter with cutoff at a period of 70,000 years.
Major Orbital Cycles
Both the PCI and the MLCI have periodicities in the general range of the Earth's orbital cycles of obliquity (e.g., ,,-41,000 years) and precession (e.g., 23,000 years) that affect climate through changes in the distribution of solar insolation. The presence of a strong obliquity influence in the PCI record is consistent with previous findings in marine records from the North Atlantic (Table 1) Not only is there strong correspondence between filtered PCI and sea level events, but also there is a strong linear relationship between these variables over the last 110,000 years. Due to lack of low stand data prior to 30,000 years ago, the linear relationship pertains primarily to negative PCI and high stands. Only since 30,000 years ago is it possible to document the linear relationship from the last glacial maximum (LGM) low stand to the Holocene high stand.
Atmospheric general circulation model (GCM) simulations of the LGM help to reveal the changes in atmospheric circulation that can account for the observed close relationship between the PCI and size of northern hemisphere ice sheets. Plate 2 depicts conceptual views of selected differences in surface and upper air circulation patterns between the LGM and the present, as calculated by the Goddard Institute for Space Studies
(GISS) GCM [Hansen et al., 1983 [Hansen et al., , 1984 Rind, 1987 ].
The differences that we note between the present and LGM atmospheres were also achieved by Kutzbach et al.
[1993] using the National Center for Atmospheric Research (NCAR) Community Climate Model and so can be considered robust. The approach in the following discussion is to point out simulated atmospheric changes consistent first with increased marine components in the PCI and, second, with increased terrestrial components.
Simulated LGM winter conditions appear highly favorable for much increased transport of marine constituents from the North Atlantic to the Summit site (Plates 2a and 2b) . It is probably that the Icelandic low-pressure system that was centered on the sea ice edge in the western North Atlantic was much intensified relative to today and played the key role. However, the intensification was not due to a decrease in surface pressure of the Icelandic Low since that pressure is likely to have increased, due to colder LGM temperatures, making the low more stable at the LGM than at present [Rind, 1987] . Rather, the intensification reflects the size of the ice sheets around the North Atlantic that intensely cooled their overlying atmospheres, producing centers of such high pressure around the North Atlantic that the pressure gradients to the Icelandic Low were much increased relative to today. In other words, the core pressure of the Icelandic Low increased, but the ice sheet surface anticyclones increased so much more that the Icelandic Low was greatly intensified. A secondary supportive influence in the eastern North Atlantic was the western perimeter of the sprawling anticyclone over the Eurasian Ice Sheet.
According to the GCM, the ice sheets also strongly altered atmospheric transport aloft ( O'Brien et al., 1995] of the Holocene portion of the GISP2 chemistry series sources in the eastern hemisphere, which showed that both winter and summer LGM jet winds over the desert southwest were weaker than at present. Further, the winter high and summer low at surface had more of an easterly component than at present. The selected GISS GCM results that we have sketched indicate that the substantial differences between present and LGM atmospheric circulation in the northern hemisphere strongly reflect the size of the ice sheets. The development of the strong ice sheet surface anticyclones affected zonal pressure gradients on east and west sides of the anticyclones differently. Eastern sides at surface cooled because of northerly advection, whereas western sides warmed with southerly advection. Such changes caused LGM jet winds to increase in velocity relative to today over eastern cold sectors and slow over warm western sectors. Subtropical pressure systems were strengthened in some regions and weakened in others in partial response to the subpolar anticyclones. The resulting differential changes in zonal pressure gradients had opposing effects on jet wind velocities [Rind, 1987] .
Overall, it appears that the LGM atmosphere exhibited more meridional flow both at surface and aloft than occurs without high ice sheets. Correspondingly, LGM jet winds were in some regions located to the north of their present locations and, in other regions, located to the south. PCI and MLCI series display  6100-and 11,100-year periodicities (Figure 3) within   the range of the 5000-to 7000-year and 10,000-to  12,000-year periods, respectively, identified in marine   and ice-core records [Pisias ct al., 1973; Pcstiaux et  al., 1988; Hagelberg et al., 1994; Yiou et al., 1994] .
In conclusion, the close association between the orbitalscale bpc's (•60% of the total variance in the PCI series) and the sea level reconstruction plus the GCM results demonstrate that long-term atmospheric circulation is dominated by ice sheet dimensions.
Heinrich and Rapid Climate Change
The more precise timing of the GISP2 periodicities is a result of the higher resolution and more highly constrained dating of this record. The 6100-year periodicity is stronger in the PCI series, while the 11,100-year periodicity is stronger in the MLCI series.
Most of the long-term behavior of the PCI and 68% of its total variance is explained by the combination of orbital cycles of obliquity and greater plus the 6100year bpc (Figure 5). Further, the 6100-year year cooling cycle appears not to be related solely to ice sheet dynamics but must also be related to other mechanisms that allow suborbital-scale changes in insolation to be translated through the ocean-atmospherecryosphere system into changes in climate.
Following the primary insolation cycles in the PCI and MLCI spectra, the 6100-and 11,100-year periodicities appear to gradually decay in power into 4500and 3200-year periodicities (Figure 3) . However, this pattern of decreasing power as a function of decreasing period ends at the increased energy band represented by the 1450-year spectral peak in the PCI series.
Comparison of the PCI with its extracted 1450-year bpc (Figure 6) , 1994, Kapsner et al., 1995] . In addition, the 1450-year periodicity is close to the turnover time of the ocean, suggesting some association with internal oscillations in the ocean-climate system, although such a process does not explicitly describe why these events are globally synchronous. Further, these events appear to be amplified largely by thermal differences that are developed as a consequence of changes in insolation plus the positive feedback effect of ice sheets. The insolation changes may lead to variations in sea ice extent and ocean surface cooling that could affect atmospheric circulation through changes in albedo and thermohaline circulation.
If the 1450-year rapid climate change events are related to internal oscillations in the ocean-climate system, the forcing for such events may be multiple, complex, and nonlinear in operation. We suggest at least two potential causes that could contribute to the forcing of these rapid climate change events. First, as demonstrated in our time-series analysis, the 1450-year periodicity may be, in part, a combination tone of orbitally driven insolation cycles. Second 
